The primary electroviscous effect has been investigated in dilute suspensions of titanium oxide (anatase), the viscosities of which were measured by means of a capillary viscometer with automatic timing. The linear relation between viscosity and solids volume fraction was first determined at the isoelectric point of the particles when the particles are uncharged, and the electroviscous contribution to the intrinsic viscosity was then determined at other values of pH. Booth's theory (Proc. R. Soc. London Ser. A 203, 533 (1950)) agrees well with the experimental results when the particle zeta potential is small and the double layer is thin (κa ≈ 7.3), but agreement is poor when the double layer is thick (κa ≈ 0.6). C 2002 Elsevier Science (USA)
INTRODUCTION
The viscosity of a colloidal suspension, η, is greater than that of the solvent, η 0 . This effect was theoretically predicted by Einstein (1) for a very diluted suspension of uncharged spherical particles as [1] where k 1 is the hydrodynamic coefficient, which takes the value 2.5 for spherical particles and higher values when this geometric condition is not accomplished (2) , and φ is the volume fraction of solid particles in the suspension. The suspension must be diluted enough to assure that Eq. [1] is valid. When the particles are charged, a cloud of ions around them is formed, giving place to a structured electrical double layer, which manifests itself in the viscosity measurements by an additional increase of this magnitude. These higher viscosity values are the consequence of different mechanisms that have certain influence on the flow field in the liquid surrounding the colloidal particle (3, 4) . The first-order term refers to the distortion of this double layer due to the relative movement between the parti-cle and the liquid phase. Although this mechanism gives results as a slight increase in the viscosity with respect to the case of the absence of the electrical double layer, this deviation is measurable (5-9). The second-order effect, which results from the overlapping of electrical double layers, is much larger than the first, is therefore easier to measure, and must be avoided when the primary electroviscous effect is the subject of research; otherwise, the former would be masked by the latter. To study only the primary electroviscous effect in a colloidal suspension, the volume fraction of particles must be low enough. McDonogh and Hunter (6) proposed that φ ≤ 0.014, and this criterion will be used throughout.
The electroviscous effects are generally expressed by means of Eq. [2] ,
where p is the primary electroviscous coefficient. To calculate p, different theoretical approaches (2, 10-12) have been developed, which coincide in establishing the dependence of this coefficient on the electrostatic potential at the solid-liquid interface (ζ -potential) and the electrokinetic radius (κa). This last parameter reflects the relative value of the electrical double-layer thickness (1/κ) with respect to the particle radius (a). The lower the κa values, the higher the p values are expected to be. Very recently (13) (14) (15) (16) , a surface conductance mechanism, which accepts the possibility of ions moving tangentially into the Stern layer, close to the particle surface, has been included in the most elaborated theories developed by Sherwood (11) and Watterson and White (12) . Although new results are obtained, the p dependence on ζ and κa is preserved. The theories are formulated for spherical particles and, consequently, the most suitable choice for the experimental test is to select a colloidal model system that accomplishes this condition. For this reason the most experimental studies on the primary electroviscous effect have been made on polystyrene latexes (5, 6, 8, 17) . Monodisperse spherical particles of this material are easily synthesized in the laboratory (18) , but their well-known anomalous electrokinetic behavior (19) (20) (21) (22) (23) (24) (25) (26) , and the presence of a gel layer around the particle determined by pressure coagulation experiments (27) , turn into a nonideal system for testing the theories. We propose to change the particles of ideal geometry by a better surface characteristics control system. In this sense, the oxide particles, which have a well-known surface charge mechanism (28) and whose pH dependence is an adequate property, are the most suitable for the study developed.
In this paper the primary electroviscous effect in anatase (TiO 2 ) suspensions has been studied. The influence of the pH value in the suspension on the primary electroviscous coefficient has been determined. The most relevant theoretical approaches have been tested.
EXPERIMENTAL

Materials
The titanium oxide (anatase) was supplied as a white powder by Aldrich. The material (purity of 99.9%) was used without any further purification. As pointed out by Gustafsson et al. (29) , attempts to further purification of the powder led to contamination. Electron microscopy (JEOL JSM840 scanning microscope) showed that the particles are roughly spherical with a mean diameter of 200 ± 10 nm.
The apparent specific surface area BET of these particles was determined by N 2 adsorption at 77 K by using an Autosorb-1 (Quanta Chrome) apparatus, the result being 10 m 2 /g. All chemicals were of A.R. quality. KOH (Merck) and HCl (Carlo Erba) were used at concentrations of 0.1 M to adjust the pH. The water was purified by reverse osmosis followed by percolation through charcoal and mixed bed ion exchange resins (Millipore).
Methods
The ζ -potentials were calculated from electrophoretic mobility data. The electrophoretic mobilities were measured with a Zetasizer 2000 (Malvern Instruments) by taking the average of at least six measurements at the stationary level in a rectangular cell. The temperature was maintained constant at 25.0 ± 0.1
• C. The viscosity of the suspensions was determined with an Ubbelohde-type (Schött-Gerate) capillary viscometer for dilution, using deionized water at 20, 25, and 40
• C for the determination of the calibration constants of the apparatus. The average maximum shear rate of the viscometers was 230 s −1 . Starting from a fixed volume (15 ml) of the initial sample, the volume fraction of the particles was varied by diluting in 5-ml steps with fixed pH solution. Initial and final pH values of the suspensions were measured and the mean value was taken. Although there exists a dependence of the pH on the volume fraction, which results from the adsorption of potential-determining ions onto the surface of the particles, it was not appreciable at these low φ variations, the deviation being between initial and final pH values less than 1%. As the effect of the presence of the particles on the suspension viscosity is low, the uncertainties associated with the manual determination of the efflux time in the viscometers may easily mask the actual viscosity variations. For this reason we have used an automatic system for recording the time (AVS310, Schött-Gerate). Strong sonication was given to the samples before measuring. After each dilution the suspension was stirred with a magnetic stirring rod, before a new measurement of the efflux time was started. Volume fractions were determined from dry weights, using a density for the anatase particles of 3.9 g/cm 3 . The pH of the suspensions was measured with a pH-meter (GLP22, Crison) by using a special probe for "difficult" samples (52-21, Crison). The dynamic viscosity of a suspension, necessary to know its density, was obtained with a densimeter (DMA-58, Anton Paar). Similarly, the conductivity of the liquid medium was measured with a conductimeter (MicroCM2202, Crison) at 100 Hz. Finally, all the viscosity measurements were performed at 25.00 ± 0.01
• C, thermostating with a bath (DC30-K10, Haake).
THEORY
The first theoretical expression for the primary electroviscous coefficient was published by Smoluchowski (2) , although without any justification,
where ε is the permittivity and λ 0 the specific conductivity of the liquid medium. Later, Krasny-Ergen (4) derived the same expression but multiplied by a factor 3/2. These results are limited for the case of thin double layers (κa 1). A more elaborate theory was carried out by Booth (10) , who considered the linearized electrohydrodynamic problem by solving the governing equations for particles and ions with the restrictive condition that eζ kT (ζ ≤ 25 mV at 25
• C), although no restriction on κa is imposed. His result is a power series in ζ :
Due to the linear condition mentioned above, only the two first terms of the series were calculated by Booth. He obtained
where q * is a dimensionless quantity and Z (κa) is a complicated function given in Booth's paper. (This author gave asymptotic expressions for this function in the limits κa 1 and κa 1.) We will use the following expression for Booth's coefficient:
, where there are s ionic species in the liquid medium with valence z i , numerical concentration n i , and mobility ω i . After substitution in Eq. [5] , we finally obtain
where C M is the molar concentration and ω M is the mobility of K + or Cl − ion, depending upon which is the counterion in each case. The arguments that justify the term between parentheses will be given below.
Watterson and White (12) and, independently, Sherwood (11) solved numerically the motion equations for the particles and ions without any restriction. Their results showed that Booth's analysis overestimates the p value when κa 1 and underestimates this parameter when κa 1. However, while the condition ζ ≤ 50 mV (25
• C) was accomplished, the agreement is reasonable because only a deviation less than 10% is obtained.
RESULTS AND DISCUSSION
The electroviscous effects are experimentally approachable when the thickness of the electrical double layer, or the Debye length, κ −1 , is the same order as the colloidal particles size, a. The parameter quantifying this relative value is the electrokinetic radius, κa. On general physical grounds, the electroviscous effects are expected to be larger when the thickness of the double layer increases. Due to this fact, this effect arises because the ions are dragged along by the fluid, which produce the distortion of the spherically symmetrical field around the particle. As the fluid velocity increases with the distance from the center of the particle, we should expect a greater distortion when the main body of the ionic charge lies far away from the particle. It means that a more diffuse double layer exists. On the other hand, when the electrokinetic radius is large (thin double layers), the electroviscous contribution to the viscosity of the suspension should vanish because in this case the double layer is concentrated in a region very near the surface where the fluid velocity is zero.
According to these arguments, we should start to calculate the thickness of the electrical double layer corresponding to our systems where the Debye length is the classical parameter to estimate this magnitude (30):
As we have also studied the influence of the pH in the liquid phase in the absence of some electrolyte, we must establish the method to calculate the summation in Eq. [7] . The oxide charge is the consequence of the adsorption of the so-called potential-determining ions. These are H + and OH − , which are taken from the aqueous phase (31) , and due to the amphoteric nature of the oxide surface, both signs of the charge can be found, depending on the pH of the liquid medium:
It is consequently predictable that the electrophoretic mobility is pH dependent in these colloidal systems. Figure 1 shows the electrophoretic mobility of TiO 2 particles as a function of the pH of the liquid medium. We observe that µ e varies strongly with the pH, and the expected inversion of the charge sign is found. The pH value corresponding to µ e = 0 (and therefore ζ = 0) is known as the isoelectric point (iep). When the pH iep is the same, independently of the electrolyte concentration, this is called an indifferent electrolyte. As can be seen in Fig. 1 , this is the case for KCl and, in general, for a 1:1 electrolyte type at low concentrations. For an indifferent electrolyte, the point of zero charge, the pH value where the charge of the particle is zero, coincides with the pH iep . We have obtained that pH iep = pH pzc = 5.5; therefore, the indifferent character of KCl for TiO 2 is confirmed. This is a value that coincides with those found (5.5-6.5) by other authors (32) (33) (34) (35) .
A controversy on the actual electrolyte concentration in a colloidal suspension has grown in colloid discussions. The idea of ion condensation near the surface particle due to its surface charge has now been considered. In line with this model, we will establish a hypothesis on the electrical double-layer ion concentration. In this way, the surface charge is entirely screened or neutralized at the iep, and the entire absence of an electrical double layer at the pH iep is supposed. Actually, this hypothesis is based upon the idea that at the iep the continuum is a saturated system of ions with the same distribution at the particle surface than into the bulk. The colloidal particles are inmersed into this continuum. Therefore, at the iep the suspension will be considered as the blank reference. Consequently, when pH = pH iep , in the absence of another electrolyte, we will suppose that pH = pH − pH iep will determine the charge in the electrical double layer of anatase particles. Then, the expression for the Debye length will be
, [9] where N A is the Avogadro number. In Eq. [9] , C M is, as was established before, the molar concentration of the counterion (K + or Cl − ) that results from the addition of base (KOH) or acid (HCl) to the suspension to obtain the desired pH, when there is not any electrolyte in the bulk. This quantity was always less than 10 −4 M. When the liquid phase consisted of 10 −3 M KCl, C M was the sum of 10 −3 and the counterion concentration resulting from the addition of base or acid to obtain the desired pH value.
In Table 1 , the κa values calculated from the different pH's of the samples studied here are shown. As can be seen, the electrokinetic radius is in general constant, and only a slight deviation in the extremes cases is found. This is due to the fact that a great quantity of acid and base was necessary to add to the suspension to obtain those pH values. Therefore, Cl − and K + concentrations were larger and the electrical double layers are less extended. The thick double-layer condition (κa ≈ 0.6) accomplished here when no electrolyte is added to the liquid phase suggests that the primary electroviscous effect can be well measured. On the other hand, when 10 −3 M KCl solution is used as the bulk, the electrical double layer is thinner (κa ≈ 7.3), but still large enough to measure the primary electroviscous effect. However, a lower effect is predictable in this case.
It was not possible to make measurements at a pH < 4.0 because a high quantity of acid solution was necessary to obtain those pH values, and the systems flocculated due to the high counterion (Cl − ) concentrations added to the suspensions. The same is valid for a pH > 10, due to the high concentration of the counterion (K + ). From Fig. 1 it is observed that the ζ -potential is pH dependent. Therefore, we have obtained a system with constant κa values and variable electrokinetic potential, which permits us to check current theories of the primary electroviscous effect. We observe that the higher the pH, the higher the ζ -potential. To avoid complicated calculations, this last magnitude has been ob- tained by using Henry's equation (4) and the results are shown in Table 1 . Other analyses to convert electrophoretic mobility into ζ -potential values are available (4, 30) , but considering the aim of this paper and the fact that the particles are not exact spheres, Henry's treatment should be good enough.
The TiO 2 viscosity suspensions in the presence of an indifferent electrolyte at the iep versus the volume fraction of the solid are plotted in Fig. 2 where a linear dependence is shown in all cases, which means that only first-order effects must be considered. On the other hand, the electrolyte concentration has no influence on the slope of the curve. Considering that the electroviscous effect in dilute suspensions can be expressed in general form by Eq. [2] , p = p(κa, ζ ) = 0 being the consequence of the existence of an electrical double layer, we can conclude that p = 0 at the iep and the common slope of the curves in Fig. 2 gives us just the k 1 value for TiO 2 particles. The value obtained in this way was k 1 = 4.5. Other authors (36) , following a different method, obtained k 1 = 5.0, which is in reasonable agreement with our result.
The TiO 2 viscosity suspensions versus the volume fraction of the solid phase without any electrolyte is plotted in Fig. 3 for different pH values. Linear dependence is again observed, which confirms that only a primary electroviscous effect is obtained, independently of the pH of the liquid phase. As was expected, from the arguments given above, the slope is larger when the | pH| is larger; due to this fact, the ζ -potential is higher in that case and, consequently, the primary electroviscous effect will be more noticeable. From the slopes we can obtain the primary electroviscous coefficient in all the cases studied here. The results are shown in Fig. 4 . These experimental results have been plotted together with the theoretical prediction. As can be seen, there is qualitative agreement with the theoretical model, but the quantitative agreement is not so good. Booth's equation underestimates the effect, in spite of best experimental conditions being reached to expect good agreement between Booth's theory and the experimental data (low ζ -potentials) except for the extreme pH values, where the disagreement can be justified on the basis of the high ζ -potential values. Yamanaka et al. (8) have obtained good agreement of experimental data of the primary electroviscous effect in polystyrene suspensions with Booth's theory. However, the experimental conditions used by those authors were thin double layers (little deformation of the counterion cloud) and low ζ -potentials. We observe that ζ -potentials of our colloidal systems are lower than 50 mV, which according to Sherwood (11) and Watterson and White (12) , means that only 10% deviations from the exact results should be found when analytical Booth's theory was used to calculate the primary electroviscous coefficient. Therefore, we can consider that the experimental conditions are adequate for the exact agreement of Booth's theory. However, this is not the case. The function Z (κa) in Eq. [6] expresses the deformation of the counterion cloud. This deformation will be higher for low κa values. We have studied this case but the agreement is poor. We must note that the function Z (κa) tends to infinity when κa → 0. It means that Booth's theory fails in this limit, which is predictable as was found here. A similar study has been made by using anatase suspensions in 10 −3 M KCl solutions. In this case the electrical double layers are thinner (κa ≈ 7.3), but still large enough to measure the primary electroviscous effect. Therefore, the conditions for presumably good agreement with Booth's theory have been established. Figure 5 shows that this is the case. As can be seen, p Experimental values are lower than those plotted in Fig. 4 , which is, considering that the electrokinetic radius is larger, the expected result. Moreover, complete agreement is found between the experimental results and Booth's predictions.
Therefore, we can conclude that Booth's theory for the primary electroviscous effect predicts the phenomenum when ζ ≤ 50 mV and κa ≥ 7 conditions are accomplished.
Finally, the results plotted in Fig. 6 show that the experimental values of p depend linearly on ζ 2 , confirming, at least qualitatively, this theoretical prediction.
The general conclusion of this paper is that Booth's theory on the primary electroviscous effect gives satisfactory qualitative agreement with the experimental results for this effect, but quantitative agreement is in general far from being acceptable. Booth's theory is essentially right on predicting the primary electroviscous effect when both, low ζ -potentials and high κa values, boundary conditions are accomplished by the system but fails for low κa values, although the theory was formulated for low ζ -potentials and all κa values. Therefore, a revision of the theory is necessary.
